INTRODUCTION
Inhibitory interneurons can effectively control the excitability of principal cells (Buhl et al., 1994; Gulyas et al., 1993; Li et al., 1992; Sik et al., 1995) and thus play a critical role in cortical network function. A subset of GABAergic interneurons, namely fast-spiking, parvalbumin (PV)-positive cells are a major source of perisomatic inhibition onto pyramidal cells (Freund and Buzsaki, 1996) and are hence well suited to synchronize pyramidal cells during network oscillations.
The hippocampus displays several oscillatory synchronization states that correlate with distinct behavioral states (reviewed in Buzsaki [2002] and Fries et al. [2007] ). Hippocampal network oscillations organize the firing of large neuronal populations at various time scales, thus providing conditions for adaptive operation of networks during information encoding, processing, and storage and are thought to be of functional relevance for cognitive processes (Gray and Singer, 1989; Harris et al., 2003; Wilson and McNaughton, 1993) . During exploratory locomotion and paradoxical sleep in rodents, the hippocampus exhibits rhythmic field potentials at frequencies ranging from 5 to 10 Hz, i.e., theta rhythm (Vanderwolf, 1969; Winson, 1974) and concurrent gamma oscillations (Bragin et al., 1995; Colgin et al., 2009; Csicsvari et al., 2003; Montgomery et al., 2008) , whereas highfrequency oscillations (140-200 Hz, ''ripples'') are characteristic for immobility and slow wave sleep Csicsvari et al., 1999; O'Keefe and Nadel, 1978) . PV-positive cells are involved in cortical rhythmogenesis (Buzsaki and Eidelberg, 1983; Cardin et al., 2009; Fuchs et al., 2001; Klausberger et al., 2005; Sohal et al., 2009) ; however, the knowledge about their recruitment and the receptors involved therein has remained incomplete.
Like pyramidal cells, GABAergic interneurons, including PVpositive cells, receive excitatory input (Gulyas et al., 1999) that is mediated largely by glutamate receptors. Whereas the function of N-methyl-D-aspartic acid (NMDA) receptors in pyramidal cells is well established (Kauer et al., 1988; Nakazawa et al., 2004) , their function in interneurons has remained elusive. Initial studies based on pharmacological approaches clearly revealed the importance of NMDA receptors in the hippocampus for memory formation (Kawabe et al., 1998; Morris et al., 1986) . More recently developed genetic tools allowed the specific modification of NMDA receptors in defined cell types and brain regions. Furthermore, differential deletions of NMDA receptor subunits contributed to a better understanding of their functional role in hippocampus-dependent learning. In most studies so far, deletion of NMDA receptor subunits occurred in both pyramidal cells and interneurons in the whole brain or forebrain (Forrest et al., 1994; Mohn et al., 1999) . Studies regarding cell typespecific NMDA receptor ablation focused so far on principal cells in the forebrain (Ebralidze et al., 1996; Ikeda et al., 1995; Sakimura et al., 1995; von Engelhardt et al., 2008) or different hippocampal subregions. The removal of the NR1 subunit in CA1, CA3, or dentate gyrus affected different forms of spatial learning, memory and modified spatial representations (McHugh et al., 1996; McHugh et al., 2007; Nakazawa et al., 2003; Niewoehner et al., 2007) . A schizophrenia-like phenotype was described in two studies, in which NMDA receptors were modified either by an overall reduction of NR1 in the forebrain (Mohn et al., 1999) or by NR1 ablation in about half of the interneuron population in cortex and hippocampus (Belforte et al., 2010) . However, the role of NMDA receptor-mediated excitation onto specific GABAergic neuron subpopulation for hippocampal network activities has not been studied.
Here we used genetically modified mice with NMDA receptor ablation restricted to PV-positive cells and studied the consequence of this manipulation in vivo at the network and behavioral level. We chose to target this interneuron subpopulation because its function for synchronous activity has been shown in numerous studies. To obtain complete ablation of NMDA receptors in PV-positive cells, we targeted the obligatory NMDA receptor subunit NR1 (Monyer et al., 1992) . In NR1 PVCreÀ/À mice, hippocampal local field potential and unitary recordings in the CA1 area in behaving mice revealed major changes in network synchronization and modified spatial representations that were accompanied by profound impairments in working and spatial recognition memory, leaving general exploratory behavior and spatial reference memory unaffected.
RESULTS

Selective Removal of NR1 Subunit from PV-Positive Interneurons
We generated NR1 PVCreÀ/À mice by crossing PV-Cre mice (Fuchs et al., 2007) with mice carrying ''floxed'' NR1 alleles (Niewoehner et al., 2007) . Adult NR1 PVCreÀ/À mice showed normal hippocampal morphology as revealed by immunostaining with the neuronal marker NeuN in coronal sections (see Figure S1 available online). The number of PV-positive cells in hippocampi of control and mutant mice was comparable ( Figure 1A ; Table S1 ). We confirmed the loss of NMDA receptor-mediated synaptic transmission onto PV-positive interneurons by whole-cell patch-clamp recordings in fast-spiking, putative PV-positive interneurons in the CA1 region in acute hippocampal slice preparations from P50-60 control and NR1 PVCreÀ/À mice. The identification of the cells was based on their fast-spiking firing pattern, shape, and localization (Pawelzik et al., 2002) . NMDA excitatory postsynaptic currents (EPSCs) were recorded at a holding potential of +40 mV and AMPA EPSCs were recorded at a holding potential of -70 mV. NMDA receptor-mediated currents were absent in 10 cells and strongly reduced in 5 cells compared to those of controls as indicated by a much smaller NMDA/AMPA ratio that was 0.25 ± 0.04 in control (n = 14 cells from six animals) and 0.02 ± 0.01 in NR1
PVCreÀ/À mice (n = 15 cells from six animals, p < 0.001, Figures 1B and  1C ). There was no significant difference in spontaneous AMPA receptor mediated EPSC properties (Table S2) indicating that the AMPA receptor mediated excitatory drive is unaltered in NR1 PVCreÀ/À mice.
Western blot analysis of whole hippocampi revealed comparable levels of NR1 protein in adult NR1 PVCreÀ/À and control mice ( Figure 1D ). Since PV-positive interneurons represent alterations in the number and distribution of PV expression in CA1, CA3, and dentate gyrus (DG) of adult NR1 PVCreÀ/À mice. See also Figure S1 and Figure 2D , see also Supplemental Results), the preferred firing of significantly modulated interneurons was close to the trough in control and NR1 PVCreÀ/À mice (p > 0.5). The theta modulation of the discharge of the whole population of interneurons was dramatically decreased in NR1 PVCreÀ/À mice (mean resultant vector length, control 0.24 ± 0.02; NR1 PVCreÀ/À 0.07 ± 0.01, p < 0.0001, Figure 2D ). The modulation of pyramidal cells was not significantly different between genotypes (control 0.16 ± 0.01; NR1 PVCreÀ/À 0.14 ± 0.01, p = 0.3, Figure 2D ). Recordings with silicone probes in the CA1 area revealed a change in the laminar profile of theta oscillations in NR1 PVCreÀ/À mice (n = 3 control and 3 NR1 PVCreÀ/À mice, Figure 2E ; Figure S2D ). The characteristic maximum of the theta amplitude near the hippocampal fissure was absent in the mutant. The altered spatial distribution of theta currents in the mutant is reflected in the current-source density (CSD) maps ( Figure 2F ). Whereas in controls the theta-source in the pyramidal cell layer is associated with a large sink in the stratum lacunosum-moleculare (l-m, Brankack et al., 1993; Kamondi et al., 1998) Figure 2E ). Theta oscillations were similarly highly coherent across hippocampal lamina in both genotypes (p < 0.05 in control, p < 0.01 in NR1 PVCreÀ/À mice, Figure 2E ). The hippocampus displays two types of theta according to the sensitivity to the cholinergic blocker atropine (Buzsaki et al., 1986; Kramis et al., 1975) . Since the features of theta oscillations in the mutant described above resemble those of the atropinesensitive rhythm (Buzsaki et al., 1986; Hentschke et al., 2007) , we studied their pharmacological characteristics. Administration of atropine led to a strong decrease of theta power in the mutant but not control mice (n = 5 control, n = 6 NR1 PVCreÀ/À mice, p < 0.001, Figure 2G ; Figure S3 ). The running speed (faster than 3 cm/s) after atropine administration did not differ (p = 0.99) between genotypes: 7.7 ± 0.6 cm/s in controls and 7.7 ± 1.0 cm/s in NR1 PVCreÀ/À mice. The difference in the effect of atropine between controls and NR1 PVCreÀ/À mice was also evident when comparing theta amplitudes between controls and mutants for the same running speed values, indicating that the atropine effect was independent of the running speed (F (1,95) = 70.92, p < 0.0001, ANCOVA, Figure 2H ; for representative examples, see Figures S3 and S4). Tail-pinch induced theta oscillations after administration of urethane, known to elicit isolated atropine-sensitive theta (Kramis et al., 1975) , did not differ between the two genotypes (theta amplitudes: F (1,90) = 0.01, p = 0.9; ANOVA; cumulative theta power: p = 0.2, n = 6 control, n = 5 NR1 PVCreÀ/À mice, t test, Figure 2I ). These findings collectively suggest that freely behaving NR1 PVCreÀ/À mice display atropine-sensitive theta oscillations, whereas the atropine-resistant component is disrupted.
The pattern of the LFP signal in the CA1 area and its power spectrum indicated that gamma oscillations (35-85 Hz) during exploration were increased in NR1 PVCreÀ/À mice (n = 6 mice in each group, cumulative power in the gamma band, p < 0.01, Figures  3A and 3B ). Gamma oscillations were slightly faster (control 57.5 ± 0.3 Hz; NR1 PVCreÀ/À 61.8 ± 0.9 Hz, p < 0.01) and their frequency was more temporally stable in the mutant (p < 0.05).
To control for the contribution of remote (e.g., passively conducted from dentate gyrus) gamma currents generators to the recorded gamma LFP, we estimated various aspects of phase locking of the unitary activity to gamma oscillations during running. There were no significant differences between genotypes (pyramidal cells: control n = 72, NR1 PVCreÀ/À n = 63; interneurons: control n = 22, NR1 PVCreÀ/À n = 44, see Supplemental
Results and Figure S5 ). Gamma oscillations display rhythmic variation of magnitude and frequency within the concurrent theta cycle (Bragin et al., 1995; Buzsaki, 2002) . The efficacy of this modulation was lower PVCre-/-Mice (A) Power spectral density of theta oscillations (mean ± SEM) was reduced in NR1 PVCreÀ/À mice (control, black; NR1 PVCreÀ/À , red; n = 6 animals each, p < 0.01).
LFP epochs with theta/delta power ratio R6.
(B and C) Autocorrelograms of pyramidal cells (B) and interneurons (C) indicate decreased theta rhythmicity of the discharge (p < 0.01 and p < 0.0001, respectively). Spike counts in 10 ms bins were normalized to the maximum for each cell. The inset shows the magnified fragment of the autocorrelogram corresponding to the theta band. (D) Theta phase modulation of pyramidal cells (Pyr, upper two plots) and interneurons (Int, lower two plots). For each cell population theta phase modulation is depicted as the discharge of cells (top plot) and the preferred phase histogram for significantly modulated cells (bottom plot). The discharge of pyramidal cells was similarly modulated in control and mutants. Modulation of interneuron discharge during theta oscillation was lower in NR1 PVCreÀ/À mice (p < 0.0001). The firing probability is normalized to the minimal value of the respective group. Dotted sine-waves indicate theta reference cycles. Data are shown as mean ± SEM. (E) The depth profile of theta oscillations computed from recordings with silicone probes was altered in NR1 PVCreÀ/À mice (mean ± SEM, control, black;
NR1
PVCreÀ/À , red; n = 3 animals each). Reconstructed laminar positions of recording sites: str. pyramidale $0 mm, stratum lacunosum-moleculare/hippocampal fissure 300-400 mm (see also Figure S2D ). The typical increase of theta amplitude and CSD in controls in str. l-m was absent in NR1 PVCreÀ/À mice (left and right plots, normalized to values for str. pyramidale for each recording). Coherence of theta oscillations did not differ between genotypes (middle plot; reference site in str. pyramidale).
(F) Representative current-source density (CSD) maps (normalized to the maximum of each map). Note that in control (left) rhythmic sources and sinks were markedly stronger near the hippocampal fissure (hf) than in the pyramidal layer (pyr), whereas in NR1 PVCreÀ/À mice (right), sources and sinks in hf were comparable with those in the pyramidal cell layer. Scale bar represents 50 ms, 100 mm.
(G) Injection of atropine did not change significantly the power of theta oscillations in control (left panel, baseline-gray, atropine-black, n = 5 animals), but disrupted theta oscillations in NR1 PVCreÀ/À mice (right panel, baseline-gray, atropine-red, n = 6 animals, p < 0.001). Power spectra were computed for epochs with the running speed >5 cm/sec, normalized to baseline and shown as mean ± SEM. See also Figures S3 and S4 . For the effect on gamma oscillations see Figure S5 . Figure 3D ). To assure that this effect did not result from the reduced theta per se, we analyzed the strength of coupling between theta and gamma rhythms for theta cycles that are similar in respects that influence gamma modulation, i.e., theta cycles of similar amplitudes ( Figure 3E ). NR1 PVCreÀ/À mice displayed reduced gamma modulation across most, but not the highest-amplitude, theta cycles, which made up only $2% of all theta cycles ( Figures 3E and  3F ). Thus NR1 PVCreÀ/À mice display reduced theta phase-locking of gamma oscillations when average as well as individual theta cycles are considered. Characteristics of fast ripple oscillations did not differ between controls (n = 6) and mutants (n = 6) (duration: control Figure 4A ). Isolated place fields of pyramidal cells were largely similar between genotypes when peak firing rate, mean rate, field size, and the number of fields per cell were compared (Table 1) . However, pyramidal cells in the NR1 PVCreÀ/À mice conveyed lower spatial information than those in controls in the arena (p < 0.05) and on the track (p < 0.01) ( Figure 4B ). In NR1 PVCreÀ/À mice pyramidal cells had also significantly lower mean firing rates within place fields in the arena (p < 0.05). Firing of pyramidal cells in NR1 PVCreÀ/À mice was spatially less coherent in the arena (p < 0.05), indicating increased local spatial variance of the discharge. On the track spatial coherence tended to be reduced in the mutant (statistically not significant, p = 0.07). We next compared positional firing with reference both to environment (arena or track) and genotype to learn whether environment could account for differences observed for positional firing properties. Only spatial information was more affected in one environment (i.e., on the track) than in the other (F (1,129) = 6.1, p < 0.05, two-way ANOVA) but not spatial coherence (p > 0.84) and mean firing rate (p > 0.74). (C) The discharge probability (mean ± SEM) during the first 3 min of a session was reduced in NR1 PVCreÀ/À mice in the arena (*p < 0.05) but not on the linear track.
The discharge probability increased within a session only in NR1 PVCreÀ/À mice (linear regression, p < 0.01).
The temporal analysis of the discharge in place fields within individual sessions revealed that during the first 3 min of a session, the discharge probability in place fields in NR1 PVCreÀ/À mice is reduced in the arena (p < 0.05) but not on the track ( Figure 4C ). Whereas in controls the firing probability in place fields did not change within a session, the discharge probability in NR1 PVCreÀ/À mice increased within the session (linear regression (Runs test), Pearson r = 0.99, p < 0.01).
Behavioral Analysis of NR1 PVCre-/-Mice
The behavioral analysis comprised a battery of tests to assess exploratory behavior, hippocampus-dependent learning, and memory. We compared the exploratory activity in response to novel stimuli in the open field arena. Compared to control mice, NR1 PVCreÀ/À mice showed no difference in the number of squares crossed on day 1 and day 2 of testing ( Figure 5A ). NR1 PVCreÀ/À mice performed fewer rearings on day 1 (number of rearings day 1: control 45.9 ± 3.7, n = 19; NR1 PVCreÀ/À 31.8 ± 3.3, n = 17; F (1,35) = 7.8, p = 0.008), but both genotypes reared to a similar extent on the second day.
Mice were exposed to a plastic toy and an unfamiliar mouse in the open field arena for 5 min. Both the toy and the mouse were confined to small, wired cages. Control and NR1 PVCreÀ/À mice expressed a clear preference for the unfamiliar mouse, and there were no differences of overall exploratory activity ( Figure 5B ). We analyzed the memory capability for new objects with only a short delay between the training and the test phase of the task. The measurement of rodents' ability to recognize novel objects (Alarcon et al., 2004; Rampon et al., 2000) is based on their natural exploratory behavior and their ability to remember previously encountered objects. During the 5 min training phase NR1 PVCreÀ/À mice spent slightly less time exploring the two different objects (control 17.8 ± 3 s, n = 18; NR1 PVCreÀ/À 12 ± 3.4 s, n = 13, H = 4.1, p = 0.043). The total time exploring the familiar object and the new object during the test phase did not differ between the genotypes (control 12.9 ± 2 s; NR1 PVCreÀ/À 15.7 ± 5.7 s). However, only control mice expressed a preference for the new object (discrimination ratio control 0.71 ± 0.02, NR1 PVCreÀ/À 0.46 ± 0.05, H = 11.9, p < 0.001, Figure 5C ).
Spatial reference memory was not affected in NR1
PVCreÀ/À mice in contrast to spatial working memory that was profoundly squares in an open field test. They performed fewer rearings on day 1 than control animals (p < 0.01), but there was no difference in the number of rearings on day 2. The test was performed twice on two consecutive days (control n = 19, NR1 PVCreÀ/À n = 17, D1 = day 1, D2 = day 2).
(B) Mice were exposed to a plastic toy and an unfamiliar mouse. Both genotypes spent more time exploring the unfamiliar mouse than the toy (control n = 15, NR1 PVCreÀ/À n = 14) during 5 min.
The discrimination ratio [unfamiliar mouse object/ (unfamiliar mouse + toy)] revealed a strong preference of both genotypes for the unfamiliar mouse.
(C) After a 5 min training phase with two different objects (object X1 and Y1), a novel object (Z) substituted one of the familiar objects and a duplicate for the other familiar object (X2) was used to prevent olfactory cues. The time spent with the two objects during the 5 min test phase is depicted in the left panel. A discrimination ratio [new object/ (new + familiar object)] was calculated for the time spent with the new object Z and the familiar object X2 (chance performance 0.50). Only control animals (n = 18) expressed a preference for the new object Z, NR1
PVCreÀ/À mice (n = 13) performed at chance level (right panel, p < 0.001). Each column represents mean ± SEM.
Neuron
Impaired Hippocampal Functions in NR1 PVCreÀ/À Mice impaired. In NR1 PVCreÀ/À mice spatial reference memory was assessed using an appetitive task on an elevated Y-maze. Notably, both mutant and control animals learned the task at a similar rate and reached the same high level of performance (control 88.2 ± 2.6%, n = 11; NR1 PVCreÀ/À 91 ± 2.5%, n = 10, Figure 6A ). Spatial working memory was analyzed using hippocampus-dependent rewarded alternation (non-matching-toplace) on the T-maze . Control mice performed well from the beginning on this rewarded alternation task, attaining a choice accuracy of 80.5 ± 1.8% (n = 11). In contrast, NR1 PVCreÀ/À mice were alternating at chance level (49.8% ± 1.9%, n = 10; F (1,20) = 132.7, p < 0.001, Figure 6A ). To analyze short-and long-term spatial recognition memory, a short intertrial interval (5 min) and a long intertrial interval (24 hr) between training and test phase were used ( Figure 6B ) in the object displacement task. During the first 5 min training phase,
NR1
PVCreÀ/À mice spent significantly less time exploring the objects compared to control mice (time spent with objects X, Y, and Z: control 32.1 ± 2.3 s; NR1 PVCreÀ/À 24.6 ± 2.3 s; F (1,55) = 5.3, p = 0.025). There was no difference in exploration time between the two genotypes during the second 5 min training phase. In the test phase one object (object Z3) was displaced. The total amount of time spent with the three objects was the same for control and NR1 PVCreÀ/À mice after the short 5 min delay time (time spent with objects X3, Y3, and Z3: control 28.4 ± 3.4 s, n = 17; NR1 PVCreÀ/À 24.2 ± 3.7 s, n = 14). Interestingly, the mutants spent less time exploring the three objects after the 24 hr delay (time spent with objects X3, Y3, and Z3: control 33.8 ± 4.4 s, n = 12; NR1 PVCreÀ/À 20.6 ± 2.9 s, n = 13; H = 5.61, p = 0.018).
To compare recognition memory between the genotypes, we calculated discrimination ratios for the short and long intertrial interval. Only control mice spent significantly more time with the displaced object Z3 after an interval of 5 min (F (1,30) = 34.8; P < 0.001) or 24 hr (F (1,24) = 29.2; p < 0.001) ( Figure 6B ).
DISCUSSION
Here we show that selective ablation of NMDA receptors in PVpositive interneurons leads to deficits at the cellular, network and behavioral level. As we reported previously, cell type-selective specificity of transgenic PV-Cre mice assured the expression of Cre-recombinase in PV-positive cells (Fuchs et al., 2007) . As Cre-recombinase expression under the control of the PV promoter is not detectable before the second postnatal week, early development was not affected. The deletion of the NR1 subunit led to a selective loss of synaptic NMDA receptor-mediated currents in PV-positive fast-spiking cells in P50-60 old mice. NR1 PVCreÀ/À mice are thus well suited to investigate the significance of NMDA receptor-mediated input onto PV-positive interneurons in hippocampal processing.
Hippocampal Network Oscillations in NR1
PVCre-/-Mice Theta rhythm, a major hallmark of hippocampal population activity during locomotion and paradoxical sleep, is assumed or 24 hr (control n = 12, NR1 PVCreÀ/À n = 13) after training; during the test phase object Z3 was displaced. The time spent with the three objects X3, Y3, and Z3 during the test phase is depicted in upper panels. Lower panels: A discrimination ratio [displaced object/(all three objects)] was calculated for the time spent with the displaced object Z3 and the two other objects X3 and Y3 (chance performance 0.30). Only control mice showed a preference for the displaced object after a delay of 5 min and 24 hr (p < 0.001). Each column represents mean ± SEM.
to be a carrier of mnemonic processes (see Buzsaki [2002] for review; Lisman and Idiart, 1995; Raghavachari et al., 2001 ). The origin of theta rhythm and current generators from specific hippocampal and extrahippocampal regions has been the focus of many studies (Kocsis et al., 1999; Montgomery et al., 2008) , but the contribution of different cell types, neurotransmitters and receptors involved has remained largely unknown.
Although there is no doubt that fast-spiking interneurons are crucially involved in rhythmogenesis, and NMDA receptor blockers affect hippocampal rhythms (Hakami et al., 2009; Roopun et al., 2008) , the genetic approach taken here allowed a direct investigation whether and how NMDA receptors on PVpositive interneurons contribute to network oscillations. We demonstrate that the loss of NMDA receptors in PV interneurons differentially affects hippocampal theta and gamma but not ripple oscillations.
A major finding in this study is that ablation of NMDA receptors on PV-positive interneurons results in diminished theta oscillations accompanied by altered theta-frequency coordination of neuronal activity. Interestingly, reducing the excitatory drive on PV-positive interneurons by ablating the GluR-A AMPA receptor subunit GluR-A PVCreÀ/À did not affect theta rhythm but led to alteration of hippocampal synchrony during $200 Hz ripple oscillations (Racz et al., 2009) . Furthermore, the lack of NMDA receptor expression in PV-positive cells selectively abolishes atropine-resistant but not atropine-sensitive theta rhythm. The existence of the two types of theta rhythm in the hippocampus has long been known (Kramis et al., 1975) , but the underlying mechanisms and functions have not been fully elucidated. Atropine-resistant theta is reported to be movement-related whereas atropine-sensitive theta is associated with sensory processing during resting immobility in rats (Bland, 1986; Bland and Oddie, 2001) . The atropine-resistant rhythm is eliminated in vivo by the anesthetic urethane (Kramis et al., 1975) , the actions of which include the reduction of NMDA currents (Hara and Harris, 2002) . NMDA receptor antagonists rendered laminar features of theta oscillations in rats similar to those observed under urethane anesthesia (Soltesz and Deschenes, 1993) and blocked atropine-resistant theta in hippocampal slices (Gillies et al., 2002) . The suggested network mechanisms of the atropineresistant rhythm include a role for both excitatory (i.e., NMDA receptor-mediated; Horvath et al., 1988; Buzsaki, 2002) and inhibitory mechanisms (Gillies et al., 2002; Goutagny et al., 2009) . In this study, we show that the selective ablation of NMDA receptors on PV-positive neurons sufficed to abolish this rhythm. Along with hippocampus, medial septum and entorhinal cortex are also necessary for the generation of atropine-resistant theta in vivo Freund and Antal, 1988; Vanderwolf and Leung, 1983) . Lesions of the medial septumdiagonal band of Broca, lead to abolished theta rhythm in hippocampus (Petsche et al., 1962) and to decreased theta rhythm in the entorhinal cortex (Jeffery et al., 1995; Mitchell et al., 1982) . Medial septum comprises both atropine-sensitive and atropine-insensitive PV-positive neurons (Stewart and Fox 1990) . Theta rhythmicity is also conveyed to hippocampal pyramidal cells and interneurons by entorhinal cortex afferents (Kiss et al., 1996; Sik et al., 1995) . Both in the medial septum and in the entorhinal cortex Cre-expression can be detected in a subpopulation of PV-positive cells in NR1 PVCreÀ/À mice (see Figure S6 ). We can thus not exclude that deletion of NR1 subunit in PV-positive cells in these brain regions also contribute to the phenotype described here. Altogether our results suggest that atropine-resistant theta in the hippocampus strongly relies on NMDA receptor signaling in PV-positive neurons.
Here we describe an isolated atropine-sensitive theta in genetically modified freely moving mice. An inverse phenotype regarding the differential effect on the two theta rhythms, i.e., a lack of atropine-sensitive theta rhythm but preserved atropine-resistant rhythm is found in phospholipase C-b1 knockout mice (Shin et al., 2005) .
Altered theta rhythm is associated in NR1 PVCreÀ/À mice with facilitated LFP gamma oscillations. Our results extend previous observations according to which hippocampal gamma oscillations were increased after systemic injection of phencyclidine (Ma and Leung, 2000) , an NMDA receptor blocker known to also suppress atropine-resistant theta . Theta rhythmicity organizes gamma frequency dynamics of neuronal populations (Bragin et al., 1995; Colgin et al., 2009; Mizuseki et al., 2009; Rotstein et al., 2005; Sirota et al., 2008; Tort et al., 2008; Wulff et al., 2009 ). Gamma oscillations disintegrate in a computational model when the overall drive to inhibitory cells becomes strong (Borgers et al., 2008) . One might expect the opposite in NR1 PVCreÀ/À mice, in which the reduced excitatory input to interneurons relative to that onto pyramidal cells could result in the generation of gamma oscillations throughout the theta cycle. The other altered feature in NR1 PVCreÀ/À mice, namely selectively reduced gamma modulation for theta cycles of lower magnitude, is in line with a model and experimental data in vitro suggesting that the strength of theta-synchronization of basket cells accounts for gamma modulation (Gloveli et al., 2005) . In addition, theta rhythmicity of gamma oscillations might require NMDA receptor-mediated input onto PV-positive cells during theta oscillations of lower and intermediate magnitude whereas other (e.g., voltage dependent) mechanisms operate during theta cycles of large amplitude. Theta/gamma coordination is proposed to assist encoding preserving serial order of inputs, thus providing a way of representing items in short-term and working memory (Lisman, 2005; Lisman and Buzsaki, 2008; Lisman and Idiart, 1995) . Hence, deficits in the coupling of the oscillations could lead to alteration in the hippocampal information processing. The reliability of spatial representations in the hippocampus (O'Keefe and Nadel, 1978) strongly depends on intact signaling via NMDA receptors (McHugh et al., 1996; McHugh et al., 2007; Nakazawa et al., 2002) . In NR1 PVCreÀ/À mice, positional firing, though largely retained, was less spatially and temporally robust. Interestingly, the temporal pattern of place fields in the familiar environment in mutants is more reminiscent of that reported for rodents in a novel environment (Frank et al., 2004) than to temporally uniform firing in controls. These alterations were not accompanied by an altered performance in spatial reference memory paradigms, but were associated with deficits in spatial working-memory tasks. Our findings suggest that precision of hippocampal spatial representations is decreased when NMDARs on PV-positive cells are absent. (Sakimura et al., 1995) . Although impaired, the performance on the T-maze of mice lacking NR2A was significantly above chance level, whereas NR1 PVCreÀ/À mice performed consistently at chance. The phenotype of NR1 PVCreÀ/À mice differs from that of mice having NR2B deleted in pyramidal cells that exhibited working and reference memory alterations (von Engelhardt et al., 2008) . Mouse mutants with region-specific ablations of NMDA receptors in pyramidal cells provided insight regarding the complex and differential role of these receptors in defined hippocampal subregions (Nakazawa et al., 2004) . Thus, NMDA receptor knockout in CA1 resulted in impaired reference memory (McHugh et al., 1996) whereas ablation in CA3 or DG resulted in working memory deficits (McHugh et al., 2007; Niewoehner et al., 2007) . As far as comparisons go, considering differences in testing conditions in the different studies, the behavioral phenotype of NR1 PVCreÀ/À mice resembles that of mice lacking NMDA receptors in the CA3 region. Disruption of NMDA receptor function in CA3 either by genetic or pharmacological means was associated with working memory but not reference memory deficits (Lee and Kesner, 2002; Nakazawa et al., 2002; Nakazawa et al., 2003) . Similarly, in NR1 PVCreÀ/À mice the profound deficit in tasks involving rapid one-trial spatial learning (T-maze, object displacement) contrasts with the normal performance in tasks probing spatial reference learning over many trials (Y-maze). Of note are similar behavioral deficits, albeit less pronounced, in mice with reduced AMPA-receptor currents in PV-positive interneurons (Fuchs et al., 2007) . Thus, interfering with NMDAor AMPA-receptors on PV-positive cells results in spatial working memory deficits revealing the crucial role of this cell population in orchestrating network activity and memory performance.
Although dysfunction or loss of PV-positive cells is linked with schizophrenia (Lewis et al., 2005; Lodge et al., 2009) , our study did not indicate abnormal social behavior in NR1 PVCreÀ/À mice.
Our results also differ in this respect from those reported by Belforte and colleagues who observed a ''schizophrenia-like'' phenotype in mice with NMDA receptor deletion in about half of cortical and hippocampal interneurons (Belforte et al., 2010) . This work complements a previous study suggesting that reduced NMDA receptor expression was associated with a ''schizophrenia-like'' behavioral phenotype (Mohn et al., 1999) . In the Belforte et al. (2010) study, NMDA receptors were ablated in about 50% of GABAergic interneurons, which comprise mainly PV-positive cells but also somatostatin-and NPY-positive subpopulations. This may, at least in part, explain differences regarding the social behavior of these mice compared to NR1 PVCreÀ/À mice.
In summary, the behavioral data along with alterations of hippocampal processing during theta oscillations highlight the functional significance of NMDA receptors in PV-positive cells in the collective operation of hippocampal networks, spatial representations and for spatial working memory.
EXPERIMENTAL PROCEDURES
All procedures involving experimental mice had ethical approval from the Regierungsprä sidium Karlsruhe, Germany.
Western Blot Analysis, In Situ Hybridization, Immunohistochemistry, and Histology These methods involved standard procedures described in Supplemental Experimental Procedures.
Electrophysiology in Slices
Electrophysiological analyses were performed on 250 mm transverse hippocampal slices of NR1 PVCreÀ/À mice and control littermates (see Supplemental Experimental Procedures).
Behavioral Analysis
Behavioral experiments (see Supplemental Experimental Procedures) were conducted with age-matched NR1 PVCreÀ/À mice and control littermates.
In Vivo Recordings
Wire electrodes (tetrodes or arrays of single wires) or silicone probes were implanted above the hippocampus and subsequently positioned in the CA1 pyramidal cell layer, using LFP and unitary activity as a reference. Unitary and LFP signals were acquired during exploratory behavior and sleep (see Supplemental Experimental Procedures). 
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